We experimentally investigate the protection of electron spin coherence of a nitrogen-vacancy (NV) centre in diamond by dynamic nuclear spin polarization (DNP). The electron spin decoherence of an NV centre is caused by the magnetic field fluctuation of the 13 C nuclear spin bath, which contributes large thermal fluctuation to the centre electron spin when it is in an equilibrium state at room temperature. To address this issue, we continuously transfer the angular momentum from electron spin to nuclear spins, and pump the nuclear spin bath to a polarized state under the Hartmann-Hahn condition. The bath polarization effect is verified by the observation of prolongation of the electron spin coherence time (T * 2 ). Optimal conditions for the DNP process, including the pumping pulse duration and repeat numbers, are proposed by numerical simulation and confirmed by experiment. We also studied the depolarization effect of laser pulses. Our results provide a new route for quantum information processing and quantum simulation using the polarized nuclear spin bath.
Introduction
The nitrogen-vacancy (NV) centre in diamond is an attractive system to implement quantum computing, 1-9 nano-magnetometry [10] [11] [12] [13] [14] [15] [16] [17] and nano-thermometry. 18, 19 These applications rely heavily on the centre spin coherence. In general, the thermal uctuations of the unpolarized spin bath cause fast decoherence of the centre spin, [20] [21] [22] [23] [24] [25] thus polarizing the nuclear spin bath and suppressing their inhomogeneous broadening, which will prolong centre spin coherence time, can benet all these applications.
Unfortunately, establishing signicant nuclear spin polarization in thermal equilibrium is usually difficult, because of the small nuclear spin Zeeman energy u zeeman compared with the thermal energy k B T (i.e. u zeeman ( k B T). Several strategies have been demonstrated to build nuclear spin polarization in NV systems. One strategy is mapping the optically polarized electron spin state to nearby nuclear spins. 4, 9, 26 In this scheme, only a small number of nuclear spins, with known hyperne interactions, are polarized by state-selective manipulation of the centre electron spin. However, the other weak coupled nuclear spins, with unknown hyperne interactions, are the dominant sources of center spin decoherence and cannot be polarized by this scheme. Another strategy is using excited state level anticrossing (ESLAC) to build a polarization transfer channel, and polarize both centre electron spin and nearby nuclear spins by a short laser pulse. [27] [28] [29] [30] [31] This easy and fast method can polarize nuclear spins with high delity, but the polarization mechanism also limits its applications. The laser pulse, which is necessary to readout electron spin state, will completely destroy the nuclear spin state under ESLAC.
Here we demonstrate a controllable scheme, named dynamic nuclear spin polarization (DNP), [32] [33] [34] to build simultaneous polarization of those weakly coupled nuclear spins, even with unknown hyperne interactions. We employ the HartmannHahn (HH) condition 35 to build a polarization passage between centre electron spin and the bath spins, and transfer the polarization from the electron spin to the nuclear spins. This strategy has been implemented in the NV system under a strong magnetic eld (>5000 Gauss), 36 as the reversal effect of nuclear spin polarization is almost suppressed. Our results suggest that a much smaller magnetic eld (650 Gauss) is also able to build the bath spin polarization, and the laser pulse plays an important role in the limitation of the polarization effect. The optimal conditions for building the polarization transfer channel are found by numerical simulation and conrmed by experiment. spin state of single NV centres in pure diamond (with nitrogen concentration (5 ppb). To enhance the photon collection efficiency, a 12 mm diameter solid immersion lens (SIL) is etched above a selected NV centre. 37 The microwave pulses, which are used to manipulate electron spin states, are delivered to the NV centres through a coplanar waveguide (CPW) antenna deposited close to the SIL. A permanent magnet is used to generate the external magnetic eld (500-660 Gauss) along the [111] direction of the crystal. On the one hand, the magnetic eld lis the degeneracy of the m s ¼ AE1 states of the electron spin; on the other hand, the host 14 N nuclear spin is also polarized to the m I ¼ +1 sublevel by ESLAC 27-31 under such magnetic eld. All these experiments are done at room temperature.
Hartmann-Hahn condition
The Hamiltonian of a negatively charged NV centre (NV À ) in pure diamond under an external magnetic eld B is:
where S is the NV spin operator, and I represents the nuclear spin operator. herence of centre spins. In general conditions, the spin bath is in thermal equilibrium, and the thermal uctuation of the unpolarized nuclear spin bath leads to fast decoherence of centre spin [20] [21] [22] [23] [24] [ Fig. 1(a) ]. In contrast, if one prepares the nuclear spin bath to a polarized state, the centre spin coherence can be well protected and an enhancement of coherence time is expected [ Fig. 1(b) ]. 34 An efficient polarization transfer channel is built up by driving the electron spin with the Hartmann-Hahn condition, 35 where the nuclear spins are resonant with the electron spin in the rotating frame [ Fig. 1(c) ]. Generally speaking, for two spins with different precession frequencies, the angular momentum transfer process is inefficient due to the energy mismatch. In order to overcome the energy mismatch, one can drive the spins, and adjust the driving power (or Rabi frequency), so that they are in resonance in the rotating frame. [38] [39] [40] In our experiment, we drive the electron spin with microwave pulses, and tune the Rabi frequency (U R ) of electron spin so that the Hartmann-Hahn condition U R ¼ g c B is satised. In this case, the Rabi frequency is in resonance with the Larmor frequency of the 13 C bath spins under a certain external magnetic eld [see the inset gure of Fig. 1(c) ]. Physically, the energy mismatch is compensated by the microwave driving power, and the angular momentum transfer process can occur efficiently.
Polarization transfer channel
To demonstrate the controllable transfer of spin polarization, we change the power of the microwave pulse, and measure the decay behavior of the electron spin Rabi oscillation. Fig. 2 shows that the amplitude decay rate of the Rabi oscillation strongly depends on the microwave power. In particular, when the Hartmann-Hahn condition is fullled, the amplitude decay rate of the Rabi oscillation is drastically increased. While in the off-resonant regions, either U R [ g c B or U R ( g c B, the Rabi oscillation amplitude decays at a much slower rate, indicating that the polarized centre spin is well isolated from the surrounding bath spins. We t the Rabi oscillation envelope, and extract the characteristic decay time T 1r . The dependence of decay time T 1r on Rabi frequency U R is summarized in Fig. 2 
(d).
The decrease of T 1r under the Hartmann-Hahn condition is caused by the resonant ip-op process between nuclear bath spins and the electron spin in the rotating frame. While outside the resonant regime, the direct ip-op process is suppressed, and only the much weaker second-order processes contribute to decay of the Rabi oscillation amplitude. 41 We use numerical simulation to conrm the physical picture of this resonant decay of Rabi oscillation. 24 Nuclear spin baths according to the 13 C natural abundance (1.1%) are randomly generated, and the one providing similar coherence time to the measured value is chosen. We then calculate the coherent evolution of the NV center electron spin together with the rst 8 nuclear spins around the center spin under MW driving. Fig. 2 (e-h) show numerical simulation of the controllable Rabi decay, which indicates that the polarization transfer process can be well described by considering the hyperne interaction between centre spins and bath spins.
3 DNP results and discussion 3.1 Pulse sequence and bath spin polarization with the same frequency locks the centre spin state along the x direction in the rotating frame for a period of time s. The power of the spin-lock pulse is adjusted to match the HH condition, thus the optical pumped high polarization of centre spin will transfer during the spin-lock pulse. Aer that, another laser pulse is used to repolarize the centre spin. These polarization injection and transfer processes are repeated N times, so that a signicant nuclear spin polarization is built up in the bath. Finally, we check the polarization effect by measuring the Ramsey interference.
As the polarization of the centre electron spin is leaking under the Hartmann-Hahn condition [ Fig. 2(b) ], its surrounding nuclear spins are expected to be polarized. Fig. 3(b) shows theoretical simulations of the bath polarizing effect. The polarizations of 8 nearest neighboring 13 C nuclear spins to the NV centre in a randomly generated bath congu-ration are presented as functions of the number N of DNP pumping cycles. To simulate the laser initialization of electron spin, for each laser pulse, we trace out the electron spin degree of freedom, and feed the resultant nuclear spin reduced density matrix as the initial bath state in the subsequent coherent evolution. The coherent evolution during the spin-locking period is calculated using the same method as that in Fig. 2 . We nd that about 100 cycles DNP process is enough to reach the saturated polarization for most of the nuclear spins. Fig. 3(c) shows the dependence of polarization on spin-lock duration. The oscillation behavior demonstrates that the net polarization is transferred back and forth between the NV centre electron spin and the 13 C bath spins, 36 and the different oscillation frequency among the 8 nuclear spins indicates that the polarization transfer speed is strongly dependent on the hyperne tensors. Considering the inhomogeneity of the hyperne coupling strength and the wide distribution of transfer rate among nuclear spins, the best strategy to achieve a directional polarization transfer from electron spin to bath spins is to keep the spin-lock duration in one cycle short (e.g. 2 ms), and repeat the short DNP pumping process to create signicant bath polarization. same magnetic eld, is mainly caused by the polarization transfer under the HH condition, this is further conrmed by the spin-lock duration and laser-power dependence of the DNP effect, as we show below. Fig. 3 (e) presents the dependence of electron spin decoherence time on the spin-lock duration s. We nd a typical 2 ms lock time is sufficient to transfer the centre spin polarization, and a longer lock time has little improvement, which is consistent with the polarization oscillation period shown in numerical simulation results [ Fig. 3(c) ]. The saturated value of T * 2 is increased by a factor of 2 in comparison with the case without DNP pumping. However, this enhancement ratio is much less than that if all the surrounding 13 C nuclear spins in the bath would be highly polarized. The reason for the limitation of the dephasing time is the possible depolarizing dynamics of the bath spins, including the inuence of the laser pulse and the uctuation of the external magnetic eld.
Enhancement of centre spin coherence time

Inuence of the laser power
To understand the depolarization effect in the DNP process, we investigate the inuence of laser power on the DNP effect (Fig. 4) . Firstly, the laser pulses with power ranging from 50 mW to 1.3 mW were used to carry out the same measurement sequence shown in Fig. 3(a) . The optical readout time for electron spin states is also adjusted to ensure high readout delity in different laser powers. For a fair comparison, free induction decays under the same conditions are also measured and plotted (black scatters). As depicted in Fig. 4(b) , the enhancement of electron spin dephasing time are observed for all the 4 measured cases (red scatters), and lower laser power gives longer decoherence time. Fig. 4(c) shows the longest coherence time we observed for this NV under the same magnetic eld aer optimizing the laser power (50 mW was used). The observed T * 2 ¼ 8.0(2) ms is nearly two times comparing with the dephasing time without DNP.
To further characterize the inuence of the laser pulse, we insert an extra laser pulse (100 ms) between the DNP and the standard FID probe pulse [see Fig. 4(a) for pulse sequence] . The measured result is presented by Fig. 4(d) , the resultant dephasing time T * 2 ¼ 4.9(2) ms is just a little longer than the dephasing time without DNP pulses [ Fig. 3(d) , black line], indicating the nuclear spin bath polarization built by the DNP process is signicantly destroyed by the laser pulse. A comparison pulse sequence with the laser pulse replaced by a free waiting segment [ Fig. 4(a) , 100 ms] gives a longer time T * 2 ¼ 5.4(2) ms [see Fig. 4(e) ] than the case shown in Fig. 4(d) , but not as long as the normal DNP without inserting segment. This can be understood by considering the repetitive measurement process. Since the nuclear bath spins evolve in a time scale of hundreds of microseconds, and the FID probe sequence takes only several microseconds, the adjacent DNP interact with each other in repetitive measurement, thus the effective number N 0 for the continuous measurement is larger than N. When the 100 ms waiting pulse is inserted between the DNP and FID sequence, the overlapped inuence of adjacent DNP sequences become weaker, and the effective number N 0 decrease, thus the electron spin dephasing time is shorter than that obtained with continuous measurement. We attribute the laser induced depolarization effect to the different hyperne interactions with electron spin in the ground state or excited state. 6 Under laser excitation, the electron will be elevated to the excited state and decay back to the ground state randomly with rates determined by the laser power and the lifetime of the excited state. Seen by surrounding 13 C nuclear spins, the transition of electron state induces a randomly changing hyperne eld, which causes the nuclear spin ipping. In other words, the excitation of an electron will limit the T 1 time of the surrounding 13 C nuclear spins, resulting in the depolarization effect. This laser induced depolarization effect can be suppressed by carefully tuning the magnetic eld direction (along the [111] of diamond crystal), and increasing the magnetic eld strength to prolong the T 1 time of nuclear spins. 6, 36, 42 
Discussion
A controllable nuclear spin polarization scheme is particularly useful for quantum computing and quantum simulation 43 applications. Comparing with another widely used coherence protection technique, dynamical decoupling (DD), [44] [45] [46] [47] which can average out bath spin uctuation by ipping the centre spin state, DNP is an active strategy to suppress the thermal uctu-ations. The polarization of the nuclear spins can persist for hundreds of microseconds, during which many manipulations can be applied to the centre electron spin. In this sense, DNP is compatible with quantum gate operations, while the coherence protection effect of a traditional DD sequence is limited in between the pulses, and hard to be integrated with the quantum gate.
9,26,48
The enhanced T Another merit of this scheme is it works for all the weakly coupled 13 nuclear spins. Considering 12 C isotopically enriched diamond, 6 with much weaker dipole-dipole coupling strength in the puried bath, the requirement of suppressing the nonsecular (energy non-conserving) spin ipping will be more easily fullled in a weaker magnetic eld, and the optimal spinlock duration is expected to be longer than the natural abundance sample, since the polarization transfer speeds of these weakly coupled nuclear spins are much slower.
Our results also open a new way to investigate the nuclear spin diffusion in a NV system. The quantum evolution of the nuclear bath spins causes centre spin decoherence in a time scale of T 2 , 22,24 which is a crucial time for quantum information processing and quantum metrology applications. Ideally, if the bath is prepared in a fully polarized state (all 13 C nuclear spins pointing along the same direction), the ip-op process will be greatly suppressed. In this case, the T 2 time should be also improved a lot. In our experiment, the bath spin polarization is far from the ideal case, and no obvious enhancement of T 2 is observed.
Conclusion
In summary, we observed the polarization transfer between centre electron spin and 13 C nuclear bath spins under the Hartmann-Hahn condition, and investigated the 13 C nuclear spin dynamic polarization effect. About 2 times longer centre spin dephasing time has been observed. The polarization of the spin bath can be built in several microseconds in continuous measurement and persist for hundreds of microseconds. We found that the pumping laser pulse also plays an important role in the depolarization effect. These ndings potentially open a new way to investigate the dynamics of spin baths, which is a key issue in quantum computing and quantum simulation, sensitive nano-magnetometry and nano-thermometry.
